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Emx2 homeodomain transcription factor interacts
with eukaryotic translation initiation factor 4E (elF4E)
in the axons of olfactory sensory neurons
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We report that Emx2 homeogene is expressed at the mRNA and
protein levels in the adult mouse olfactory neuroepithelium. As
expected for a transcription factor, Emx2 is present in the nucleus
of immature and mature olfactory sensory neurons. However, the
protein is also detected in the axonal compartment of these
neurons, both in the olfactory mucosa axon bundles and in axon
terminals within the olfactory bulb. Emx2 axonal staining is het-
erogeneous, suggesting an association with particles. Subcellular
fractionations of olfactory bulb synaptosomes, combined with
chemical lesions of olfactory neurons, confirm the presence of
Emx2 in axon terminals. Significant amounts of Emx2 protein
cosediment with high density synaptosomal subfractions contain-
ing eukaryotic translation initiation factor 4E (elF4E). Nonionic
detergents and RNase treatments failed to detach elF4E and Emx2
from these high-density fractions enriched in vesicles and granular
structures. In addition, Emx2 and elF4E can be coimmunoprecipi-
tated from olfactory mucosa and bulb extracts and interact di-
rectly, as demonstrated in pull-down experiments. Emx2 axonal
localization, association with high-density particles and interaction
with elF4E strongly suggest that this transcription factor has new
nonnuclear functions most probably related to the local control of
protein translation in the olfactory sensory neuron axons. Finally,
we show that two other brain-expressed homeoproteins, Otx2 and
Engrailed 2, also bind elF4E, indicating that several homeoproteins
may modulate elF4E functions in the developing and adult nervous
system.

H omeoproteins constitute a class of transcription factors
essential for the embryonic development of all tissues,
including the nervous system (1, 2). However, in addition to their
developmental expression, many of them are also expressed or
reexpressed at late developmental stages and throughout adult-
hood, suggesting the existence of adult functions. Some of these
putative functions may have little to do with development,
whereas others are clearly associated with developmental events
taking place in the adult.

Emx2 is a homeoprotein likely to support developmental
functions in the adult as it is involved in the regulation of
neurogenesis in the adult subventricular zone, is expressed in
neuronal progenitors in the hippocampus dentate gyrus, and is
up-regulated in the hippocampus together with Pax6 and Mash1
upon fibroblast growth factor infusion after induced ischemia in
the mouse (3-5). The subventricular zone and the dentate gyrus
are two regions where adult neurogenesis takes place. A third
region is the olfactory epithelium in which the olfactory sensory
neurons (OSNs) are continuously renewed (6). Accordingly,
there is a permanent turnover of the OSN axons in the olfactory
nerve and of the synapses between the OSN axon terminals and
their postsynaptic targets, i.e., mitral and tufted cells in the
olfactory bulb at the level of the glomeruli (7, 8).

The expression of Emx2 in the embryonic olfactory epithelium
(9, 10) and the impairment of olfactory system development in
the Emx2-invalidated mouse (11, 12) has incited us to study the
expression of Emx2 mRNA and protein in the adult olfactory
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system. We report that Emx2 is expressed in the adult olfactory
epithelium and that the protein is not only present in the OSN
nuclei at the level of the epithelium but also transported into
their axon and axon terminals. Moreover, Emx2, in the olfactory
mucosa and within the terminals, forms a stable complex with
the mRNA cap-binding protein eukaryotic translation initiation
factor 4E (eIF4E), suggesting that it may have a function in the
regulation of mRNA transport or translation.

Methods

DNA Constructs. Mouse Emx1, Emx2 (pCMV-Emx2), and human
Otx2 cDNAs were provided by A. Simeone (King’s College,
London). Emx1 cDNA was inserted in pEGFP-N1 (Clontech)
for COS-7 cell transfection (pEmx1-N1). eIF4E cDNA was
obtained by RT-PCR from total-brain RNA and cloned in
pGEM-T vector (Promega). For GST-Emx2, GST-Otx2, and
GST-eIF4E production, Emx2, Otx2, and eIF4E cDNA were
subcloned into pGEX-derived plasmid (Amersham Pharmacia).
pTL-hemagglutinin (HA)-Emx2, allowing the expression of
HA-tagged Emx2 (HA-Emx2) in COS-7 cells, was obtained by
subcloning Emx2 cDNA into the pTL plasmid (13) in fusion with
an oligonucleotide linker at the 5’ extremity of Emx2 cDNA
encoding an HA tag.

Protein Production and COS-7 Cell Transfections. GST and GST
fusion proteins were produced by following instructions pro-
vided by Amersham Pharmacia. For eIF4E purification, GST-
elF4E-bound beads were treated with the PreScission protease
for 4 h at 4°C. The beads were centrifuged, and the supernatant
containing pure eIF4E was collected. Purified proteins were
quantified by using the Bradford method (Bio-Rad). COS-7 cells
were electroporated with pEmx1-N1, pPCMV-Emx2, or pTL-HA-
Emx2 as described in ref. 13 and cultured for 48 h before lysis in
immunoprecipitation (IP) buffer (50 mM Tris-HCI, pH 7.5/150
mM NaCl/30 mM EDTA/1% Triton X-100/1X Roche Com-
plete protease inhibitor) for IPs or in Laemmli buffer for
Western blot analyses.

Animals. BoD2F1 adult female mice (Elevage Janvier, Le Genest,
France) were used. Specific lesions of olfactory sensory recep-
tors were provoked by a single i.p. injection of 3-methyl-indol
(3-MI; 150 mg/kg in vegetal oil) (14). These animals and
sham-treated mice were killed 12 days after injection. Animal
handling followed European Community recommendations.

Abbreviations: OSN, olfactory sensory neuron; elF4E, eukaryotic translation initiation
factor 4E; OMP, olfactory marker protein; 3-Ml, 3-methyl-indol; PRH, proline-rich homeo-
domain; IP, immunoprecipitation; HA, hemagglutinin.
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Immunoprecipitations and GST Pull-Down. COS-7 cells or tissues
were lysed in IP buffer. Extracts were centrifuged at 12,000 X g
for 8 min at 4°C to eliminate nuclei and cellular debris. Super-
natants were precleared with protein A Sepharose beads previ-
ously loaded with 1 ug/ml BSA and 10 pg/ml yeast tRNA.
Precleared supernatants were incubated with anti-eIF4E (1/100;
Cell Signaling Technology, Beverly, MA) or anti-Emx2 (1/100)
antibody for 3 h and washed four times with IP buffer. Proteins
were eluted from the beads with Laemmli buffer and analyzed
by Western blot (pan-Emx antibody, 1/1,000; anti-eIF4E anti-
body, 1/1,000; anti-HA antibody, 1/800; Roche). For GST
pull-down experiments, 0.5 ug of eIF4E was incubated for 1 h at
room temperature with 1 pug GST, GST-Emx2, GST-Otx2, or
GST-Engrailed2 (15) in pull-down buffer (0.4 M KCI/1X
PBS/1% Nonidet P-40). After four washes in pull-down buffer,
the bead-attached proteins were analyzed by PAGE and Western
blot.

Subcellular Fractionation and Biochemical Analyses. Synaptosome
preparation and fractionation were performed as described in
ref. 16, with slight modifications (see Fig. 2C). Briefly, freshly
dissected olfactory bulbs were disrupted in synaptosome buffer
(0.32 M sucrose/5 mM Hepes/mixture of Roche protease in-
hibitors). Nuclei were pelleted at 1,700 X g for 8 min, and the
supernatant was centrifuged at 12,000 X g to yield a “crude
synaptosome pellet.” Synaptosomes were lysed by hypotonic
shock and centrifuged at 33,000 X g to pellet mitochondria and
postsynaptic densities (LP1). Supernatant (LS1) was centrifuged
at 165,000 X g to obtain the high-density organelle pellet (LP2).
Soluble proteins from synaptosomes were present in the result-
ing supernatant (LS2). Treatments with 100 mM N-octyl-
glucoside, 0.2% saponin, 20 ug/ml RNase A, or 1 M NaCl were
performed on the LS1 before centrifugation.

In Situ Hybridization. Five nonoverlapping oligonucleotide probes
were designed to cover the most specific parts of the mRNA
sequence of Emx1, Emx2, and olfactory marker protein (OMP)
(see Table 1, which is published as supporting information on the
PNAS web site). The probes were labeled with 33S and hybridized
to cryostat sections as described elsewhere (17).

Immunohistochemistry. Anti-Emx1 and anti-Emx2 antibodies
were produced by immunization of rabbits (Animal Pharm
Services, Healdsburg, CA) with GST-Emx1 and GST-Emx2
proteins. The rabbit pan-Emx and the goat anti-OMP antibodies
were provided by G. Corte (National Institute for Cancer
Research, Genoa, Italy) (18) and F. Margolis (University of
Maryland, Baltimore, MD) (19), respectively. Mice deeply an-
aesthetized with pentobarbital were fixed by intracardiac per-
fusion of either 1% or 4% paraformaldehyde in 0.1 M phosphate
buffer. The brain and the olfactory mucosa were dissected,
postfixed for 1 h at 4°C in the same fixative, rinsed in PBS, and
cryoprotected overnight in 15% sucrose prepared in PBS. Four-
teen-micrometer cryostat sections were taken on slides, rinsed
several times in PBS, pretreated sequentially with 0.5% hydro-
gen peroxide in PBS and 1% glycine in PBS, and saturated in
PBS containing 5% FCS supplemented with 0.5% BSA and 0.2%
Triton X-100. Anti-Emx1 and anti-Emx2 antibodies were incu-
bated overnight at 1/1,000 in the saturation solution, whereas
the pan-Emx antibody, the anti-synaptophysin monoclonal an-
tibody (Synaptic Systems, Goettingen, Germany), and the goat
anti-OMP were used at 1/2,000 in the same conditions. In some
experiments, slides were heated at 70°C overnight in PBS before
the saturation step. The secondary antibodies used were Cy3-
conjugated donkey anti-rabbit, FITC-conjugated donkey anti-
goat, Cy5-conjugated donkey anti-mouse (Jackson Laboratories)
and horseradish peroxidase-conjugated anti-rabbit (Envision
System, DAKO).
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Results

Emx2 mRNA Is Expressed in the Adult Olfactory Mucosa. The expres-
sion pattern of Emx2 and Emx1 mRNAs in the adult olfactory
system were examined by radioactive in situ hybridization on
cryostat sections and autoradiography. To ensure the specific
detection of Emx2 and to avoid crosslabeling with Emx1, which
is a closely related gene, we used multiple *>S-labeled oligonu-
cleotides designed against the most divergent regions of Emx1
and Emx2. This approach, using probes of the same specific
activity and very close hybridization features, also has the
advantage of allowing the comparison of expression levels across
distinct mRNA species (17). As shown in Fig. 14, significant
amounts of Emx1 mRNA were detected in the cortex, olfactory
bulb, and hippocampus (Fig. 1417), but no specific signal was
detected in the olfactory mucosa (Fig. 144).

Low levels of Emx2 mRNA signal were detected in forebrain
structures (i.e., in the hippocampus) as reported in ref. 4, but no
Emx2 mRNA was detected in the cortex or olfactory bulb (Fig.
1A42). In strong contrast, a striking signal was detected in the
sensory olfactory mucosa (Fig. 145), with a pattern similar to
that of the OMP mRNA (Fig. 146), known to be exclusively
expressed in OSNs (20).

These data demonstrate that Emx2 mRNA is present in the
neuronal layer of adult olfactory mucosa, where Emx1 mRNA is
either not present or present at much lower levels. In contrast,
the Emx1 gene is expressed in the adult olfactory bulb, whereas
Emx2 is not expressed or only expressed at very low levels.

Emx2 Homeoprotein Is Present in the Axonal Tracts and Terminal
Fields of the OSNs. To characterize the expression patterns of
these two genes in the olfactory system at the protein level, we
raised two polyclonal antibodies by immunizing rabbits with
recombinant mouse Emx1 or Emx2 fused to GST. The specificity
of the two antibodies was verified on extracts of COS-7 cells
transfected with either Emx1- or Emx2-expressing plasmids.
Specificity was verified by Western blot (Fig. 1B) and immuno-
histochemistry (Fig. 5, which is published as supporting infor-
mation on the PNAS web site). In the same set of experiments,
a third antibody, previously produced against human EMX1
(18), was tested. Fig. 1B illustrates that this antibody, pan-Emx,
recognizes both Emx1 and Emx2.

On olfactory mucosa cryostat sections fixed with 1% parafor-
maldehyde, the Emx1-specific antibody labeled the nucleus of
rare and small clusters of cells mainly localized in thin regions of
the olfactory epithelium (Fig. 1C2). Emx1 staining was virtually
absent in the main, pseudostratified layer of the olfactory
epithelium, which contains mostly immature and mature OSNs
(Fig. 1CI). By contrast, the anti-Emx2 antibody labeled the
nucleus of the vast majority of, if not all, the OSNs within the
olfactory epithelium (Fig. 1C3). This nuclear staining appears
more intense in immature neurons than in mature ones, as
identified by OMP expression (Figs. 1 C3 and C4). These Emx1
and Emx2 immunohistochemical localizations thus correlate
with our in situ hybridization studies and confirm that Emx2 is
the main Emx protein expressed in the OSNSs.

A significant Emx2 staining, appearing stronger in 4% para-
formaldehyde-fixed sections treated by transient heating at 70°C,
was observed in all olfactory axonal bundles within the olfactory
mucosa and glomeruli in the olfactory bulb (Fig. 1 DI and D2).
It is noteworthy that the heating procedure almost completely
abolished the Emx2 nuclear labeling. Similar patterns of labeling
of the axonal tracts and glomeruli were obtained with the
pan-Emx antibody (Fig. 1D3), which was thereafter preferred to
the anti-Emx2 antibody because of its high efficiency in immu-
nofluorescence and Western blotting.

In contrast and independent of the fixation and pretreat-
ment protocol, no significant axonal labeling was ever ob-
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Fig. 1. Emx2 is expressed in the adult mouse OSNs. (A) In situ hybridization
of Emx1 (A7 and A4), Emx2 (A2 and A5), and OMP (A3 and A6) mRNAs by using
35S-labeled oligonucleotide probes and film autoradiography (10 days for
Emx1 and Emx2 and 4 days for OMP) was performed on brain (A7-A3) and
olfactory mucosa (A4-A6) cryostat sections. Emx1 mRNA is detected in the
olfactory bulb (OB) and cortex (Cx) but not in the olfactory mucosa (A4). Emx2
mRNA is not detected in the olfactory bulb or cortex (A2) but is visualized in
the olfactory mucosa (A5, arrows) with a pattern similar to that of OMP mRNA
(A6, arrows). As reported in refs. 26 and 44, OMP mRNA is also detected in the
olfactory nerve and axon terminals in the olfactory bulb (A3, arrows). (Scale
bar, 1 mm.) (B) Characterization of the anti-Emx1, anti-Emx2, and pan-Emx
antibodies on extracts of COS-7 cells overexpressing Emx1 or Emx2. Anti-Emx1
and anti-Emx2 antibodies detect Emx1 and Emx2, respectively, whereas pan-
Emx antibody recognizes Emx1 and Emx2. (C) Colocalization of Emx1 or Emx2
(in red) with OMP (in green) in olfactory mucosa cryostat sections fixed with
low paraformaldehyde. The Emx1-specific antibody labels the nucleus of small
cell clusters observed mainly in thin areas of the olfactory epithelium (C2) and
very rarely in the principal pluristratified epithelium containing most OSNs
(C7). The Emx2-specific antibody labels the nucleus of virtually all OSN (C3).
Emx2 is found in the nuclei of immature and mature neurons. Immature
OMP-negative neurons in the basal part of the epithelium display a higher
nuclear labeling (C3) than the mature OMP-positive neuronsin the medial and
apical part of the epithelium (C4, which is the area indicated by asquare in C3).
n¢, nasal cavity. (Scale bar, 20 um.) (D) Immunoperoxidase detection of Emx2
in olfactory mucosa (OM) and bulb (OB). Anti-Emx2 antibody labels the axonal
tracts (D1, arrows) and glomeruli (D2, arrows). The same localization was
obtained with the pan-Emx antibody (D3). oe, olfactory epithelium; onl,
olfactory nerve layer. (Scale bar, 80 um.)

served with our anti-Emx1 antibody (Fig. 6, which is published
as supporting information on the PNAS web site), although
this antibody stained the nucleus of many cells in the cortex
and olfactory bulb, as expected from the Emx1 mRNA pattern
of expression (Fig. 14).

These data, along with the in situ hybridization results,
demonstrate that Emx2 mRNA and protein are expressed in
the adult olfactory epithelium and suggest that the protein is

Nédélec et al.

transported into the OSN axons, including their terminals
within the olfactory bulb glomeruli. This finding does not
preclude that the small amount of Emx1 expressed in the
olfactory epithelium is also subject to axonal transport, as
proposed by Briata and colleagues (18).

Emx2 Is Transported in the Axon of the OSNs. To evaluate whether
the anti-Emx2 or anti-pan-Emx staining is truly axonal and does
not reflect the expression of Emx2 by other cell types, for
example axon-ensheating cells, we colocalized Emx2 with OMP.
Indeed, OMP is a soluble protein specifically expressed by
mature OSNs and present in their cell bodies and axons. As
illustrated in the glomeruli of Fig. 24, axonal Emx2 immunore-
activity colocalizes with that of OMP. We further colocalized
Emx2 and OMP with the synaptophysin presynaptic marker and
observed some Emx2 staining in proximity of synaptophysin
labeled structures, strongly suggesting that Emx2 is located in the
vicinity of synaptic vesicles (i.e., in the axon terminals), but
probably not associated with these vesicles (Fig. 2B). Further-
more, Emx2 staining appeared punctated, suggesting an associ-
ation of Emx2 with subcellular particulate structures (Fig. 2BI).

To verify this association, synaptosomes were prepared from
olfactory bulbs and fractionated as described in ref. 16 and Fig.
2C. As shown in Fig. 2D, a substantial amount of Emx2 is present
in the LP2 fraction, enriched in synaptic vesicles and other
synaptic high-density structures. Although the blot of Fig. 2D
was done with the pan-Emx antibody, which also interacts with
Emx1, the protein present in the terminals is essentially Emx2.
This identity is confirmed by the presence of a single band of the
expected size (33 kDa), our immunocytochemical and in situ
hybridization data (see above), and the loss of staining on the
blot after preincubation of pan-Emx antibody with GST-Emx2
(Fig. 2E).

To confirm that LP2 Emx2 originated from the olfactory
epithelium, the same fractionation was done after i.p. 3-MI
injection, which specifically provokes a chemical lesion of the
olfactory mucosa OSNs (14). Fig. 2F demonstrates that the 3-MI
lesion reduces the amount of Emx2 in the LP2 fraction. The data
of Fig. 2G further demonstrate that in 3-MI-treated mice Emx2
and OMP immunoreactivities are reduced in parallel in the
glomeruli, confirming the colocalization of the two proteins in
the olfactory axons. Taken together, these data clearly demon-
strate that the protein found in the LP2 fraction is Emx2 and that
this protein is located in the OSN axons.

Axonal Emx2 Protein Is Associated with High-Density Particles. To
characterize the axonal structures with which Emx2 protein
associates, lysed synaptosomal LS1 fractions were submitted to
a series of chemical and enzymatic treatments before centrif-
ugation at 165,000 X g and subsequent analysis for the
presence of Emx2 in the LP2 pellet. Emx2 was almost entirely
degraded upon proteinase K treatment, demonstrating that the
protein is directly accessible to the protease and, hence, not
localized within vesicles (Fig. 34). Importantly, treatments
with the nonionic detergent N-octyl-glucoside or with saponin
did not dissociate Emx2 from the high-density structures,
strongly suggesting that Emx2 is not simply adsorbed to vesicles
or lipid rafts in the synaptosomal fraction (Fig. 3B). In
contrast, high-salt treatment (1 M NaCl) completely dissoci-
ated Emx2 protein from the LP2 high-density structures.
Taken together, these biochemical analyses indicates that
Emx2 is likely associated with nonvesicular high-density struc-
tures through electrostatic interactions.

The high-density, nonvesicular structures expected to be
retrieved in LP2 fractions may contain the so-called “mRNA
granules” involved in the transport of RNAs and proteins (i.e.,
RNA-binding proteins) in neuronal processes (21-23). This,
and the RNA-binding properties of some homeoproteins, plus
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Fig. 2. Emx2 is present in the axon of the OSNs and associates with high-
density fractions. (A) Colocalization of Emx2 (in red) and OMP (in green)
proteins in the olfactory bulb of adult mice. The Emx2 protein is detected in
OMP-positive axons within the glomeruli. (Scale bar, 30 um.) (B) Localization
of Emx2 (in red), Synaptophysin (in blue), and OMP (in green) proteins within
aglomerulus. High-magnification confocal images of the same field show that
Emx2 immunoreactivity is restricted to OMP-positive axons (B7, B3, and B4)
and that it is highly punctated (B7). Emx2-positive patches are observed in the
vicinity of synaptophysin-labeled structures, but the two stainings never
overlap, indicating that the Emx2-labeled structures present in axon terminals
do not correspond to synaptic vesicle clusters. (Scale bar, 4 um.) (C) Schematic
representation of the biochemical protocol used to study the subcellular
localization of Emx2 in the olfactory bulb (modified from ref. 16). (D) Western
blot analysis of LP1 (membrane- and postsynaptic density-enriched; 33% of
total LP1 was loaded) and LP2 (synaptic vesicle-enriched; total LP2 was loaded)
and LS2 (soluble fraction from synaptosomes; 25% of LS2 was loaded). LP1 and
LP2 fractions display a band corresponding to Emx2 (33 kDa), the intensity of
which is higher in LP2. No Emx2 is detected in the LS2 fraction. (E and F)
Presence of Emx2 in the LP2 fraction from untreated (E) or sham and 3-MlI-
treated (F) mice. (E) Incubation of pan-Emx antibody with 20 ug of GST-Emx2
abolished the staining in the LP2 fraction, whereas similar incubation with GST
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Fig.3. Emx2 and elF4E associate with high-density structures in the olfactory
bulb. Western blot analysis of Emx2 (A and B) or elF4E (C) in LP2 after
pretreatment of LS1 with proteinase K (PK), saponin (Sapo), N-octyl-glucoside,
RNase A, or 1 M NaCl. LP2 obtained from the equivalent of four olfactory bulbs
was loaded on each lane. Ctr, LP2 obtained from untreated LS1.

the presence of specific mRNAs in olfactory axons and ter-
minals (24-27), prompted us to investigate whether the asso-
ciation of Emx2 with the high-density structures sedimenting
in LP2 was lost upon RNase treatment. As illustrated in Fig.
3B, treating the LS1 fraction with RNase before high-speed
centrifugation failed to dissociate Emx2 from the particulate
fraction, suggesting that the association of Emx2 with these
structures does not require RNA.

The recent demonstration that eIF4E binds two homeopro-
teins, Bicoid and proline-rich homeodomain (PRH) (28, 29), led
us to investigate by Western blot the presence of eIF4E in the
LP2 fractions pretreated or not with detergent, RNase, or high
salt. Interestingly, like Emx2, eIF4E is present in the LP2
fraction, and none of the two proteins is dissociated from
high-density structures by N-octyl-glucoside, saponin, or RNase
treatments (Fig. 3C). In contrast, and as opposed to Emx2,
elF4E is not dissociated from the high-density structures upon
high-salt treatment (Fig. 3C).

It can be concluded from these experiments that Emx2
associates with high-density structures distinct from vesicles and
that the latter association does not involve Emx2 binding to RNA
molecules. The strikingly similar behavior of eIF4E suggests that
Emx2 may bind eIF4E in the olfactory axons and that the two
proteins are present in particles within the olfactory axons with
high molecular mass.

Emx2 Interacts with elF4E. The above data and the presence in the
Emx2 sequence of a putative elF4E-binding motif previously
identified in several proteins interacting with eIF4E, including
Bicoid and PRH (Fig. 44 and refs. 28-34), led us to investigate
a possible Emx2/eIF4E interaction. We first demonstrated that
a fraction of endogenous eIF4E is coimmunoprecipitated with
Emx2 overexpressed in COS-7 cells and vice versa (Fig. 4B). To
verify whether this interaction exists in vivo, we purified eIF4E
from olfactory mucosa extracts by using 7mGTP-coated beads
(Fig. 4C). The 7mGTP motif mimics the mRNA cap normally

did not. (F) 3-MI treatment (3-MI) strongly reduces Emx2 levels in the LP2
fraction. (G) Colocalization of Emx2 (in red) and OMP (in green) in the
olfactory bulb of sham and 3-MI-treated mice. Note the correlated decrease of
Emx2 and OMP in the glomeruli of 3-MI-treated mice, as illustrated in the
high-magnification view of a glomerulus (G3 and G6 show insets merged from
G1 and G2 and G4 and G5, respectively). The two proteins still colocalize in
3-Ml-treated mice, confirming the axonal localization of Emx2 in the glomer-
uli. (Scale bar, 30 um.)
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Fig. 4. Emx2 directly interacts with elF4E in vivo and in vitro. (A) Schematic
representation of the Emx2 protein, with its homeodomain and its putative
elF4E-binding site, and comparison of the known consensus elFE4-binding
motifsin elF4G, elF4E-BPs, Bicoid, and PRH with the putative motif in Emx2. (B)
Cytosolic extracts from COS-7 cells transfected with HA-Emx2 were immuno-
precipitated with anti-Emx2 (Left) or anti-elF4E (Right) antibodies. Five per-
cent of total extract (Lysate) and total beads (IP) were analyzed by Western
blotting for the presence of elF4E or HA-Emx2. (C) Cytosolic extracts from
olfactory mucosa were incubated with 7 methyl GTP-Sepharose beads. Emx2
expressed in COS-7 (COS Emx2) was used as a positive control size marker.
elF4E (Fig. 7) and Emx2 were retrieved on the beads. (D) Cytosolic extracts from
olfactory bulb were immunoprecipitated with the anti-Emx2 antibody. Cell
extracts (5% of total extract was loaded; Lysate) and beads (IP) were analyzed
by Western blotting for the presence of elF4E. elF4E was coimmunoprecipi-
tated with Emx2. (E) Purified recombinant elF4E was incubated with equal
amounts of recombinant GST, GST-Emx2, GST-Otx2, or GST-Engrailed2. The
anti-elF4E Western blot shows that all but GST are specifically retained by
elF4E. Ten percent of input was loaded as a positive control size marker.

recognized by this factor, and, as expected, eIF4E was retained
on the beads (Fig. 7, which is published as supporting informa-
tion on the PNAS web site). Interestingly, Emx2 was also
retained, suggesting an interaction with eIF4E in the OSNs. In
another experiment, Emx2 was immunoprecipitated from olfac-
tory mucosa or olfactory bulb extracts and tested for the
presence of coimmunoprecipitated eIF4E. In both olfactory
mucosa, which contains many OSN axonal tracts as seen on Fig.
1D1I (Fig. 7), and bulb (Fig. 4D), Emx2 coimmunoprecipitated
with a fraction of eIF4E. Finally, similar to Bicoid and PRH (28,
29), Emx2 directly interacts with eIF4E, as demonstrated in a
pull-down experiment (Fig. 4F).

Taken together, these data demonstrate that Emx2 is trans-
ported into the OSN axon, where it is associated with eIF4E in
high-density particles.

Discussion

We demonstrate that the Emx2 homeoprotein is present in two
distinct cellular compartments of the adult OSNs: the nucleus
and the axon. The rather conventional nuclear localization of
Emx2 is probably related to the functions of this DNA-binding
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protein as a transcriptional regulator. The prominent axonal
localization of Emx2, however, was not expected and raises the
question of its functional significance. Because of the association
of Emx2 with eIF4E and of the presence of mRNAs in the OSN
axons (see below), a distinct possibility is that Emx2 regulates the
local translation of mRNAs in this neuronal compartment.

It has long been thought that all neuronal proteins were
synthesized only within the cell bodies and, to a lesser extent, the
dendrites of vertebrate neurons but not in their axons, which
were supposedly free of mRNAs and other components of the
protein synthesis machinery. However, several mRNA species
have now been detected in a variety of developing or mature
mammalian axons (24-26, 35-38). Evidence of local mRNA
translation in vertebrate axons also accumulates. In Xenopus and
chick, for example, mRNAs and components of the translation
machinery are present in the growth cones of navigating axons
(37, 39, 40), and protein synthesis in the cones is necessary for
decision making in response to extracellular cues (39-41).
Interestingly, also in a lower vertebrate (Xenopus nerve-muscle
coculture), brain-derived neurotrophic factor-induced potenti-
ation of neurotransmitter secretion in a developing synapse
requires presynaptic protein translation (42). In mammals, pro-
tein synthesis was observed in the axons of severed adult sensory
neurons (43), and a recent study demonstrates that, after lesion,
importin-B is translated from a dormant axonal mRNA and
transported back to the cell body (38).

The mouse olfactory tract is one of the rare systems in which
relatively high amounts (i.e., detectable by in situ hybridization)
of at least two mRNA species, the olfactory receptor (OR) and
OMP-encoding mRNAs, have been observed in the axons and
terminals of adult mammalian axons (24-26, 44). The local
translation of these or other mRNAs in OSN axon terminals
might contribute to synaptic plasticity, like in the case of the
developing neuro-muscular junction (42), or serve in guiding the
growth cones of newly generated OSNs, given that the OSN
population is continuously renewed in the adult mouse (6, 8).
The latter hypothesis, built on the evidence that axonal guidance
requires protein synthesis (39, 40), is of particular interest in view
of the presence of the OR mRNAs in OSN axon terminals.
Indeed, it appears that the OR protein itself participates in OSN
growth cone guidance and, in particular, in the convergence of
all OSN axons expressing the same OR toward two or a few
specific target glomeruli, possibly through homophilic interac-
tions (45-50).

The direct interaction between Emx2 and eIF4E demon-
strated in this report indicates that Emx2 could regulate protein
synthesis initiation by eIF4E in OSN axons. Emx2 could, for
example, decrease the affinity of eI[F4E for the m7GTP cap of
mRNAs, as reported for the PRH homeoprotein (29) or inhibit
the eIF4E-dependent translation initiation of selected mRNAs,
as shown for Bicoid homeoprotein and caudal mRNA in the
Drosophila embryo (28, 51). Fractionation and biochemical
analyses shown here suggest that Emx2 is associated and co-
transported with eIF4E within high-density particles. We do not
yet know whether these Emx2-eIF4E granules also contain the
axonal mRNAs, because different types of transport particles or
granules can coexist in the same cell (52). Whereas some
granules transport mRNAs, RNA-binding proteins, and ele-
ments of the translation machinery yet lack eIF4E (31), others
are devoid of mRNAs yet contain aminoacyl-tRNA synthetases
and elongation factors, such as EF1 (52). Therefore, the com-
position of the particles carrying eIF4E and Emx2 will have to
be clarified. An important issue will be to determine whether
elF4E can be dissociated from the Emx2-containing granules,
hence allowing translation initiation (53).

The pull-down experiments of Fig. 4E demonstrate that Otx2
and Engrailed 2, two homeoproteins expressed in the developing
and adult central nervous system (54-56), also bind eIF4E. It is
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noteworthy that these homeoproteins and several others (i.e.,
Otxl and Emx1) show a nonnuclear and in some instances
dendritic localization in selected classes of neurons (10, 57, 58,
and our unpublished observations). It is possible, as proposed for
Otx homeoproteins (57, 58), that this cytoplasmic retention
prevents homeoprotein transcriptional activity until a specific
trigger allows their nuclear import. This model is not contradic-
tory with the idea that the interaction between homoproteins
and elF4E, as demonstrated in the case of Bicoid and PRH,
regulates eIF4E functions, including protein translation, both in
the perikaryon and in distal cell compartments, such as axons
and dendrites. The identification of a short consensus domain
mediating the binding of Bicoid and PRH to eIF4E and the
conservation of this sequence in many other homeoproteins (29)
suggest that such regulatory functions might exist for many
homeoproteins.

In this report we have concentrated on cell autonomous
homeoprotein activity. However, given that homeoproteins have
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logical or pathological circumstances in which homeoproteins
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